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Symbols 

first radiation constant, 3.7415 x 

second radiation constant, 1.43879 x loA2 m-K 

heat capacity of the ceramic insulator, J/kg-K 

mole fraction of atomic air 

heat capacity of the metal specimen. J/kg-K 

coniposition, atom percent 

initial composition, atom percent 

surface composition, atom percent 

diffusion coefficient, cm2/sec 

compositional broadening spectrum, counts/sec-deg 

instrumental plus sample-defect broadening spectrum, counts/sec-deg 

specific enthalpy of recombination, J/kg 

specific free-stream enthalpy, J/kg 

thermal conductivity of the ceramic insulator, W/cm-K 

depth, cm 

thickness of the ceramic insulator, m 

thickness of the metal specimen, m 

mass of atomic air. g 

Planck's radiation function, W/m2-pm 

incident power, counts/sec 

stagriation pressure, atin 

aerodynamic heating. W/m2 

convection component of aerodynamic heating, W/ni2 

heat loss by conduction, W/m2 

potential heating due to recombination of gaseous atoms, W/m2 

heat loss by radiation, W/m2 

linear reflectivity, cm-l 

universal gas const ant, 8.3 144 1 J /mole-K 

compositional plus instrumental and sample-defect broadening spectrum, 
counts/sec-deg 

Schmidt number 

time, sec 

temperature, K 
initial temperature, K 
wall temperature a t  the stagnation point 

W/m2 
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velocity gradient in boundary layer, sec-l 

catalytic efficiency 

d-spacing, A 
d-spacing of the surface composition 

total hemispherical eniittarice 

spectral ernit tarice 

Lagrarige multiplier for background constraint 

Lagrange rnult,iplier for srnoothing coristrairit 

w aveltYlg t 11 

liiicar absorpthri c:oefficierit,. c r r i -  

viscosity of gascs at the stagnation point in tho t)ouiiclary 1ayc.r. g/c-r~i-sec: 

clciisit,y of t,lw c:mmiic insulator, g/cr~is 

dcrisity of t,he riictal specimen, g/crns 

dmsity o f  gases a t  the. stagriatiori point iri the t)oiiii(iary layer. g/mi3 

(Icrisity of gases a t  the specirnen siirfacc.. g/c~ris 

spectml reflectaric-e 

St~.farl-BoltzrrlarIri constallt,, 5.6697 x W/rIi2-K4 

Prandtl nuniber 

t);tc*kgroiiiicl cornpositiorial t)ro;tclt.iiirig spec:t,riiiri coiistrairit 

rcv)iiibiriat iori factor 

iriodified diffracted power. coiint,s/sec/deg 
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Summary 

Emittance, catalytic efficiency, and dynamic oxi- 
dation resistance were determined for Ti-14A1-21Nb 
exposed to simulated hypersonic flight conditions at  
a surface temperature of 982°C for up to 8 hr. The 
emittance was low before testing (about 0.3), but 
high after testing (0.85 to 0.89). Catalytic efficien- 
cies were high, which means that during exposure to 
hypersonic conditions Ti-14A1-21Nb will experience 
a large amount of heating due to recombination of 
gaseous atoms at the surface. Oxides that formed on 
the surface spalled readily, beginning with the first 
exposure cycle. Oxygen diffusion into the base metal 
was observed. The solubility limit of oxygen in the 
base metal was estimated to be 12.5 atom percent, 
and the diffusion coefficient for oxygen in the base 
metal was 0.0234 cm2/sec exp(-) 
between 704°C and 982°C (where R is the univer- 
sal gas constant and T is the absolute temperature). 
The oxide was composed of several layers of different 
color but similar composition: TiO2, Al2O3, TIN, 
and Ti305 were identified by X-ray diffraction. 

Introduction 
Ti-14A1-21Nb is a purportedly ductile modifi- 

cation of the titanium aluminide Ti3A1; titanium 
aluminides are intermetallics offering improved per- 
formance for hypersonic vehicles over conventional 
superalloys and titanium because of higher strengths 
and lower densities. In addition to high strength 
and low density. materials for hypersonic applica- 
tions must be resistant to the dynamic oxidation re- 
sulting from forced flowing air of hypersonic flight, 
must radiate heat well (high emittance), and must 
experience a minimum of heating from recombina- 
tion of gaseous atoms at the surface (low catalytic 
efficiency). 

In a given hypersonic environment, the tempera- 
ture of a vehicle surface is determined by the material 
properties emittance and catalytic efficiency. The op- 
timum values of emittance and catalysis are 1 and 0, 
respectively. Calculations showing the variation in 
surface temperature with emittance and catalytic ef- 
ficiency are presented in figure 1. This represents a 
modest environment for which the catalytic heating 
effects are not severe, yet the surface temperature can 
range from 800" to  1400°C. Under more severe con- 
ditions the effect of catalytic heating is more critical 
(ref. 1). 

Some materials that may be very stable under 
static conditions oxidize much more rapidly under 
hypersonic conditions because of the atomic oxygen 
environment and low atmospheric pressures where 

sublimation and formation of gaseous oxides may 
readily occur. For metallic materials the key to 
durability is formation of an oxide layer that is 
protective and that, if the metal is susceptible to 
oxygen embrittlement, blocks the transport of oxygen 
into the alloy. While oxygen embrittlement has not 
yet been demonstrated for Ti-14A1-21Nb, it has for 
cr-titanium, which is closely related in chemistry and 
cryst a1 structure. 

The purpose of this study was characterization 
of Ti-14A1-21Nb performance under simulated hy- 
personic conditions. Specimens were exposed to 
simulated hypersonic flight (dynamic oxidation con- 
ditions) for 1 to 16 half-hour cycles at a surface 
temperature of 982°C. Analyses of heating rates were 
used to determine catalytic efficiency. Oxide compo- 
sition and oxygen diffusion into the metal were ob- 
served with X-ray diffraction. Room temperature 
reflectance measurements were made to determine 
emittance. X-ray diffraction was performed on spec- 
imens exposed under static conditions to determine 
diffusion coefficients for oxygen in the alloy. 

Experimental and Analytical Procedures 

Test Specimens 
The specimens were disks punched from l-mm- 

thick sheet (the alloy composition is given in ta- 
ble I). The disks were 25 mm in diameter with three 
equally spaced 5- x 5-rnm radial projections used for 
mounting. 

Exposure of Specimens 
Specimens were exposed to simulated hypersonic 

flight conditions in the hypersonic materials envi- 
ronmental test system (HYMETS) at  the Lang- 
ley Research Center (ref. 2). The HYMETS is a 
1 00-kW const rictor-arc- heated wind tunnel that uses 
air mixed with nitrogen and oxygen in ratios equiv- 
alent to  air (see fig. 2). Specimens were mounted 
on a stagnation model adapter attached to an inser- 
tion sting. A separate sting contained a water-cooled 
probe that measured the catalytic cold-wall heating 
rate and the surface pressure. The specimen temper- 
ature was monitored with a thermocouple (type R. 
attached at  the center of the back surface). 

The range of test conditions available in the 
HYMETS (table 11) do not fully simulate hypersonic 
flight; however, the heating rate with high velocity 
air is the most critical response parameter, and the 
range of heating rate includes the levels encountered 
by a significant portion of a vehicle in hypersonic 



flight. Cheinical equilibrium calculatioris for the test 
conditions used in the present study indicate that 
oxygen in the test stream was almost fully dissociatcyj 
(>95 percent) and nitrogen only slightly dissociated 
( < 5  percent) (ref. 3 ) .  

Specimens were exposed to 1 to 16 half-hour 
cycles a t  982°C. In each cycle. the specimen was first 
exposed to a reference test condition (table 111), and 
its teniptratiire history was recorded for the interval 
from arnbieiit to about 75°C. The test condition 
was then adjiisted to achicvf. a specirrir3ii surface 
tc~riipc~raturc~ of 982°C for the ba1aric.r of the cyrle. 

efficiencies for surfaces can be determined frorri anal- 
ysis of carefully measured acrotherrnal heating rat,es 
(refs. 1, 6, 7. arid 8). 

For coridit,ioris of aerothcrrnal heat transfer to a 
surface with insulation at the back side, the heat 
transfer is described by 
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by using the method of Laplace transforms and the 
senii-infinite boundary condition gives 

At steady state conditions, aT/at is zero, and inte- 
grating equation (12) yields 

Diffusion Study 

Very precise diffusion profile information can be 
determined by analysis of line broadening of diffrac- 
tion spectra. To perform such an analysis it is 
necessary to isolate the compositional broadening 
component from the instrumental and sample-defect 
components. The spectra of a specimen that has no 
diffusion gradients is used to simultaneously deter- 
mine t,he instrumental and sample-defect broadening. 
The compositional broadening is then extracted from 
the spectra of specimens that have diffusion gradients 
by solving (refs. 9 and 10): 

g*f  - s + ( - l ) " q ) ( f 2 "  - Y 2 7 7  + (-l)%J2m = 0 
(15) 

where g * f is the convolution of the f and g spectra, 
and the diffusion profile is given by (refs. 11 and 12) 

where 

and composition is determined from the d-spacing by 
assuming that the lattice dilation of Ti-14A1-21Nb 
with dissolved oxygen content is the same as that of 
a-titanium (ref. 13). 

Diffusion coefficients can be calculated from the 
profiles by using the relation 

which assumes that the diffusion coefficient is inde- 
pendent of composition. 

Results and Discussion 

Dynamic Oxidation 
Dynamic oxidation was marked by formation of 

an oxide layer, spalling of the oxide layer, and diffu- 
sion of oxygen into the metal. On some specimens 
spalling occurred during the first half-hour exposure 
cycle, which indicates that its cause was more likely 
the atomic oxygen environment or the low pressures 
than the thermal cycling. The oxide (see fig. 3) 
was composed of three layers having similar composi- 
tions: the top layer was white: the middle, grey; and 
the bottom, black. The white and grey layers were 
loosely adherent and readily spalled. but the black 
layer remained very adherent and never spalled. 

Microstructure 
The figure 4 micrographs show the changes that 

occurred during dynamic oxidation exposure. Before 
any exposure the microstructure was fine grained 
and, in X-ray diffraction (XRD) patterns, showed a 
(001) preferred orientation. After 8 hr of exposure, 
substantial changes in the microstructure occurred: 
an oxide layer formed. a portion of which is visiblc at 
the top of the micrograph: a new phase fornicd at the 
metal-oxide interface, which was identified by XRD 
and energy dispersive spectroscopy (EDS) as TiA1: 
a single-phase case developed below the TiA1: the 
base alloy recrystallized; and grain growth occurred 
in the base alloy. Comparing the micrograph of the 
sample after 8 hr exposure with micrographs for less 
exposure times showed the depth of the single-phase 
case to illcrease ir. propmtiori to the square root of 
time. 

Diffraction Analysis 
Analysis by XRD of the base alloy showed 

one structure, but with some peak splitting and 
some superlattice peaks. The structure was iso- 
morphous with a-titanium, which is of the space 
group P63lrnrnc with all the atoms occupying the 
6m2 lattice sites. The peak splitting was prob- 
ably related to the two-phase appearance of the 
microstructure, indicating that both phases were 
similar in structure and lattice parameters. At least 
one of the phases produced superlattice peaks. Based 
on extinctions (missing peaks) and peak intensities. 
the superlattice was identified as an a' = 2a, b' = 2 b  
superlattice of the space group P63/mrnc with the 
aluminum atoms preferentially occupying the 6rn2 
lattice sites, and the titanium and niobium atoms 
randomly occupying the nlm2 lattice sites. 

The oxide of the dynamically exposed speci- 
inem was predominantly Ti02. with A1203 and TIN 
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present in lesser quantities, and in specimens with 
4 hr or more exposure a trace of Ti305 was present. 
In figure 5 the composition of  the oxide is shown for 
exposure times up to 8 hr. The compositions were de- 
termined from peak heights in the diffraction spectra, 
and. considering the assumptions used, the compo- 
sitions are probably not more accurate than 5 atom 
percent,. 

Oxygen Diffusion 
Compositional broaderiing of tlir (O0C)-type peaks 

was very pronounced aftw as litt,le as 2.5 riiiri at 
(382°C. iridicatirig diffusion of oxygen into the base 
alloy. Corriposition-cl(~~)tli profiles were calculated 
from the c.oriil)osit,ioiial 1)roadrnirig by assiirriirig that, 
t,lic latt,iw clilat ion wit,li oxygen content was the 
s;tiiie for this alloy as for ri-titaniiiin. The solu- 
t)ilit,y lirriit, o f  oxygrri iii Ti- 14A1-21Nb appearrd to 
1 ) ~  12.5 at,orti p(wriit. In figure 6 the diffiisiori co- 
officiciits itrc plot,t,cd against, iriversr terriperat,iire. 
The diffusion c‘ocffic‘ieiit for oxygen in Ti- 14A1-21Nb 
was 0.0234 ( : i r i2 / s~~c  c’xp 
704°C aiid 982°C. 

RT 
-45 090 C ~ I / I I I O I C ~ - K  

niobium were seen ( the EDS device was riot capa- 
ble of  detecting oxygen). When the electron beam 
was focused to a convergent beam arid centered in 
the middle of any well-defined crystal. only titanium 
was seeii, indicating that the riiobiurri was riot dis- 
solved iii the TiO2. By moving the convergent, beam 
around. the riiobiurn was located in srriall partic,les 
(60-360 A in diameter) at the edges of large Ti02 
crystals. The partic.1t.s did riot diffract, so 1 1 0  oxitla- 
tioii or p l i a s~  inforination cwuld 1~ ot)t,aiii(vl. Bcc-aiisc. 
thesc wcr(’ the only cwrripositioiial or iiiorI)liologic.al 
arioriiit1ic.s ot)st.rvcd, tlic high sp(~%r;il eiiiit,t,itiiw o f  
Ti-14A1-21Nt) was at.t,ril)iit.tvl t.o t,licsc iiiot)iiiiii-ricli 
part,iclvs. 

111 t,;tt)lc IV t,lt(’ t,ot,;tl iioriii;d cwiit,t,atricrs of  
Ti-14A1-2lNt, i u i ( 1  stvcr;tl ot,lwr c.aricliclatc itietallic 
heat, sliicld alloys arc prcwiit,t~cl t,ogt%lier. The. totitl 
norriial (wiit,t,;tiiw of Ti-14A1-21Nt) is riiuc.11 grea tu  
tliaii MA 956 ;tii(I cw;tt.t.tl M A  956, ancl c.oinparal)lc 
to Illc~orlt~l 61 7. 
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In table V are the high-temperature catalytic ef- 
ficiencies for Ti-14A1-21Nb and several other alloys. 
These data are not plotted on a curve similar to that 
in figure 8 because the HYMETS test environment 
varied with specimens as their catalytic efficiencies 
and emittances varied. The HYMETS operating con- 
ditions were adjusted to produce a surface tempera- 
ture of 982°C. All the alloys represented in this figure 
were represented in the previous figure. All the al- 
loys have catalytic efficiencies similar to their room 
temperature catalytic efficiencies. A large difference 
was observed for Ti-14A1-21Nb: its high-temperature 
catalytic efficiency was nearly that of Inconel 617. 

Concluding Remarks 
The alloy Ti-14A1-21Nb is highly susceptible to 

dynamic oxidation, has a high emittance after ox- 
idation. and is fully catalytic to recombination of 
atomic oxygen under dynamic oxidation conditions 
at 982°C. Because of its poor oxidation resistance 
and high catalytic efficiency, use of Ti-14A1-21Nb in 
certain hypersonic applications will require that it be 
coated with oxidation barriers and thermal control 
coatings. 

The oxide formed during dynamic oxidation was 
composed of several layers and spalled during the first 
half-hour exposure cycle. The phases formed were 
TiO2, Al2O3, TIN. and Ti3O5. 

Oxygen diffused rapidly into the alloy. The 
solubility limit of oxygen in the alloy appeared 
to be 12.5 atom percent and the diffusion coeffi- 
cicnt for nxygen in the alloy was 0.0234 cm /sec 

The emittance of Ti-14A1-21Nb was about 0.3 
before oxidation and about 0.85 after oxidation. The 
high emittance of the oxidized alloy was attributed 
to niobium-rich particles found in the oxide. 
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Table I. Cheniical Analysis of Ti-14A1-21Nl) 

Elcinent 
A1 
v 
FV 
0 
c 
N 
H 
Nb 
0 t hvr 
Othw t otal 
Ti 

Wc> ig h t pcrcwi t 
13.57 

.13 

. l l  
,110 
.o 1 
.o IO 
.OO‘L(i7 

1 9.93 
< . 1 0  
<:IO 

Rc~iiiaiiiclc~r 

Tttblr 11. RiLiigt’ of Coiitlitioiis for HYMETS Exposiirc 
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Tdtjlr IV. Total Near-Norriial Ernittarices for Selected Carididate 
hlrtallir Heat Shield Alloys a i d  Coatings 

Alloy or coatirig 
Ti- 13Al- 2 1 Nt) 
Iriconel 617 
MA 956 
Coated AIA 956 

Total near-iiorriial 
emittance 

0.88 
.83 
.67 
.63 

Cat,alyt ic. 
Alloy or coatirig 

Ti-14.Al-2lKb 
d3cicric.y 

0.07 
Iriconcl 617 
XlA ‘356 

Coated h lA ‘356 
RCG (Shuttle tilr coatirig) 

7 

,083 
.026 
.033 
,013 



temperature, 750 
“C 

500 

.5 .6 .7 .8 .9 1 .o 0 
.4 

- 

- 

Total emittance, ET 

Test chamber 
*/- - - - -< 
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1 mm 

Figure 3. Oxide spalling on a Ti-14A1-21Nb specimen after 8 hr of dynamic exposure at 982°C. 

(a) BeLdre exposure. (b) fter 8 hr of dynamic exposure at 982°C. 

Figure 4. Cross-sectional micrographs of a Ti-14A1-21Nb specimen. 
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hr 
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Wavelength, pm 

Figure 7. Spectral emittances of Ti-14A1-21Nb specirrierls after dynarriic exposlire at 982°C. arid the spectral 
ernittarice of oxidized a-titanium. 

400 

300 

Heating rate, 
kW/m2 2oo 

100 

1 Silver (reference condition) 

LTi-14AI-21 Nb (polished) 

Figure 8. Catalytic efficiencies of Ti-14A1-21Nb and several other rnaterials at 52°C. Mac.11 ~nlnll)er = 3.6: 
Strarri enthalpy = 7.2 MJ/kg. 
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